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ABSTRACT 
Previous research has shown that auditory icons can be 
effective warnings. The aim of this study was to determine the 
number of auditory icons that can be learned, in a control room 
context. The participants in the study consisted of 14 control 
room operators and 15 people who were not control room 
operators. The participants were divided into three groups. Prior 
to the testing the three groups practiced on 10, 20 and 30 
different sounds. Each group was tested using the sounds that 
they had practiced.  The results support the potential for 
learning and recalling a large number of auditory icons, as 
many as 30. The results also show that sounds with similar 
characteristics are easily confused. 
1. INTRODUCTION 
In numerous user environments, such as vehicles, control 
rooms, and various health care institutions, sounds frequently 
assume the form of auditory warning signals. The use of sound 
as an information carrier is an effective way to present 
information, especially when there is a simultaneous demand 
for visual attention (e.g. operator monitoring a process). In 
contrast with visual information sounds can be perceived 
without direct attention to a specific location. 
In a control room environment sound information can be 
especially beneficial. Operators are required to keep track of a 
considerable amount of information, which is presented on 
numerous screens and stations. By designing sounds that an 
operator can easily associate with various parts of the process, 
operators can be guided to problematic areas and relevant 
monitors. However, this approach is not a typical method for 
the selection of sound alarms in this type of environment. 
Sounds frequently serve as abstract warnings with an arbitrary 
connection to the alarming event and the same sound is 
frequently employed for several different alarms. This makes it 
difficult for the operators to indentify the problematic area and 
the appropriate intervention. Simplification of the identification 
process for an alarm may increase the effectiveness of control 
room operators. Improvements may also provide the 
opportunity to employ additional sounds in an environment 
without increasing the risk of confusion.  
Several different approaches exist for designing sounds that 
are used as information carriers. One method involves the use 
of abstract sounds that are arbitrarily connected to the 
object/event they are intended to represent. This approach is a 
common method for creating sounds to be applied in different 
types of products. Many household products e.g. dishwashers 
and micro wave ovens emit various beeping sounds to call 
attention to the completion of an operation or cycle. These 
sounds are arbitrarily connected to the meaning “finished”. 
Learning and recalling abstract warning sounds can be 
challenging. Patterson and Mayfield [1] describe a study that 
concluded that four to six arbitrary warnings can be rapidly 
learned. The rate of acquisition decreases for a larger number of 
warnings: thus further effort is required. Patterson and Mayfield 
also suggested that the application of more than 10 warnings in 
one context, an aircraft, is excessive.  
Earcons are defined by Blattner et al. [2] as “nonverbal 
audio messages used in the user-computer interface to provide 
information to the user about some computer object, operation 
or interaction”. Garzonis et al. [3] suggest that earcons, which 
are typically described as abstract musical sounds lack 
meaningful relationships with their referents. As a result the 
user is required to learn and memorize these relationships. 
Speech warnings can also be used to convey information. 
Speech is a beneficial method of presenting information in 
several different conditions. Because speech is a direct form of 
communication the relationship between the spoken word and 
the object/event it represents does not have to be learned. 
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Speech is also suitable for the presentation of complex 
information. However, speech warnings have several 
disadvantages. They are easily masked by background noise, 
they interfere with other verbal communication and the 
language of different operators varies among different 
countries. 
Gaver [4] defined auditory icons as “sounds that provide 
information about an event that represents desired data“ and 
further describe them as caricatures of naturally occurring 
sounds. Auditory icons have several advantages over both 
speech and abstract sounds. They are easier to learn, they 
require fewer training trials and they yield a lower error rate 
than abstract warnings. The response times for auditory icons 
can be faster than the response times of both abstract sounds 
and speech warnings and the risk of being masked by 
background communication is reduced compared with speech 
warnings [5, 6, 7, 8]. In the study by Lucas [8], in which six 
sounds were tested, it is suggested that a larger sample of 
sounds can more accurately describe the communicative ability 
of auditory icons. Auditory icons also seem to be less likely to 
be forgotten compared with more conventional auditory 
warning signals [9]. An explanation of why auditory icons are 
appropriate for use as warning signals is provided by Fagerlönn 
and Alm [10], who found that the use of sounds which are 
meaningful in the context in which they are applied can reduce 
the number of required cognitive resources compared with the 
use of arbitrarily mapped sounds. 
Numerous studies have shown that auditory icons are more 
appropriate warnings compared with abstract sounds and other 
types of warnings. However, few studies focus on the number 
of warnings for an industrial context such as a control room.  
Therefore the aim of this study was to investigate the 
maximum number of auditory icons that can be learned and 
recalled in a control room environment. The selection of an 
industry as context was based on previous studies about this 
issue. A larger project that examines alarm signals in an 
industrial control room for several months has been conducted; 
this study is an extension of this project [11]. Based on the 
problems described previously and the complex information 
flow in a control room, this type of auditory icon was 
determined to be beneficial for this type of environment. 
2. METHOD 
2.1. Participants 
The study included a total of 29 participants: 14 women and 15 
men. Fourteen of the participants worked as control room 
operators at a local paper mill (11 men, and 3 women). To 
obtain a larger group, 15 additional participants who were not 
control room operators, were also recruited (4 men, and 11 
women). The age of all participants ranged from 20 to 58 years 
(mean age: 35). The mean age of the control room operators 
was 43 years. The mean age of the remaining participants was 
28 years. None of the participants reported any hearing 
impairments.  The participants were compensated with a movie 
ticket for their contributions to the study. 
2.2. Apparatus 
The test was performed using an Apple MacBook laptop. The 
training and test application were developed in Java. The 
participants wore headphones (Koss PortaPro) during the test.  
2.2.1. Sounds 
Thirty different sounds were created for the study. All sounds 
are auditory icons that were supposed to represent the type of 
events and objects that may occur in an industry setting. All 
sounds ranged from 0.5 and 5.0 seconds. The sounds had a 
sample rate of 44.1 kHz. The aim was to design sounds with a 
direct relationship to the object/event that they were supposed 
to represent, because direct relations create rapid and immediate 
recognition of the target [12]. For some sounds, these direct 
relationships were difficult to find; therefore, an indirect 
relationship was employed. According to Stephan et al. [13] 
indirect associations are an excellent alternative when direct 
associations are not feasible. In this case a direct relationship 
can be defined as an event that causes a sound, which is also the 
referent of the sound. For example, the sound of a burning fire 
is associated with “fire”. It is an indirect relationship when the 
referent of a sound is not the event, but can be associated with 
the event in another way. An example of an indirect association 
is the sound of a running train, which is associated with 
“stacker”. 
2.3. Procedure 
The participants were divided into three test groups. The first 
group listened to 10 different sounds, the second group listened 
to 20 different sounds and the third group listened to 30 
different sounds. There was an equal distribution of participants 
from the two participant groups among the different sound 
groups. 
The control room operators performed the test in two 
control rooms at the paper mill. The group of non-operators 
performed the test in an office environment. Figure 1 provides 
an example of the sound levels in one of the control rooms and 
the office environment. 
 
 
 
Figure 1: A-weighted SPL in 1/3-octave bands of the 
background noise of one of the control rooms and the office. 
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All participants completed a training session prior to the 
start of the test session in which they were given written 
instructions in Swedish on how to perform the training. An 
audio player (used to trigger the sounds), a picture of the 
intended association and a word that explained the intended 
association were presented to the participants on a laptop. The 
participants’ task was to learn the item-sound pairs. During the 
training session, the participants were asked to learn the 
intended mapping for each sound and the event that each sound 
represented. The participants in each group listened to all 
sounds they were subsequently tested on e.g. the group with 10 
sounds practiced on the 10 sounds and was subsequently tested 
on these sounds. 
During the training session the participants were presented 
with the auditory icons through their headphones. The sounds 
were presented in random order. Throughout the training 
session, the participants were allowed to listen to each sound as 
many times as needed. However, they could not listen to a 
sound again after advancing to the next sound. Figure 2 
provides an example of the training application. 
 
 
 
 
Figure 2: Training application. 
 
The participants completed the test session immediately after 
completing the training session. The participants received 
another set of written instructions. The test session included all 
the sounds that each participant had previously practiced on. 
Similar to the training session, the sounds were presented in 
random order and the participants were presented with an audio 
player. However, the intended associated word was not 
provided. Below the audio player, pictures of all 30 sounds 
were displayed (for all groups); and the participants’ task was 
to select the picture that was associated/ paired with each sound 
by clicking on the correct box. The participants could not 
change previously selected answers (refer to figure 3). 
The performance measure of the study was the number of 
correct answers.  
 
 
 
Figure 3: Test application. 
 
3. RESULTS 
The percentages of correct answers for the three groups are 
presented in figure 4. 
Because a normal distribution was not assumed a Kruskal-
Wallis test was performed to analyze the differences among the 
three groups. A significant difference among the groups was 
observed (H (2) = 9.001, p = 0.011). A Mann-Whitney U test 
with a Bonferroni correction for multiple comparisons (alpha = 
0.05/3 = 0.017) showed a significant difference among the 
groups with regard to ten and thirty sounds. No other 
significant differences were observed. 
 
Figure 4: Percentage of correct answers for the three groups. 
 
Figure 4 also reveals that only one participant in the group with 
10 sounds did not receive 100 % correct answers. In the group 
with 20 sounds, the majority of the participants received 100 % 
correct answers. The majority of the participants in the group 
with 30 sounds received 93 % correct answers.  One participant 
in the group with 30 sounds received 100 % correct answers. 
A two-tailed Mann-Whitney U test was performed to assess 
the difference between the group of operators and the group of 
non-operators. The test results indicated a significant difference 
between the groups (U = 48.5, n1 = 15, n2 = 14, p = 0.012). 
Another two-tailed Mann-Whitney U test was performed to 
determine the potential effect of age. The participants were 
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divided into two age groups; participants younger than 30 and 
participants older than 40.  No significant difference between 
the different age groups was observed (U = 43.0, n1 = 13, n2 = 
11, p = 0.106). Pearson product-moment correlation coefficient 
showed no correlation between age and result within the group 
of operators (r = -0.039, p = 0.895) or within the group of non-
operators (r = -0.366, p = 0.18). 
To determine any gender differences a Mann-Whitney U 
test was performed. No significant difference between the 
genders was observed (U = 93.0, n1 = 15, n2 = 14, p = 0.621). 
Note that the results from the Mann-Whitney U tests should 
be carefully interpreted due to the incidence of several ties 
between scores. 
The total number of incorrect answers was 33. Table 1 
shows that among the 33 incorrect answers some sound pairs 
were incorrectly paired more than one time. 
Two sound pairs were incorrectly paired at least four times. 
Sounds 4 and 8, were incorrectly paired four times. Sounds 15 
and 22 were paired a total of six times (sound 15 was mistaken 
for sound 22, four times, and sound 22 was mistaken for sound 
15, two times). 
 
Table 1: Sounds with the highest number of incorrect parings 
* Sounds 15 and 22 were paired a total of six times. 
 
Number of incorrect sound pairings 
Sounds Number of parings 
1-25 2 
2-3 3 
4-6 2 
4-8 4 
5-13 3 
15-22* 4 
19-27 2 
21-26 3 
22-15* 2 
 
4. DISCUSSION 
The findings of this study indicate that it is possible to learn and 
recall a large number of sounds in a control room environment 
if the sounds are characterized as auditory icons. Based on 
previous studies, Patterson and Mayhem [1] suggested that 10 
or more alarm sounds in an aircraft is probably too many. The 
difficulty with learning arbitrarily mapped (abstract) sounds is 
supported by other studies [6, 10]. The results from this study 
indicate that it is possible to learn and recall a significant 
number of sounds if they are designed differently, that is, if 
they are designed as auditory icons with a relationship to the 
referent. The results demonstrate the feasibility of learning and 
recalling up to 30 different sounds. In this study the participants 
did not perform any typical operator tasks during the test. To 
gain more ecological validity future research should focus on 
further investigating sounds in the actual control room 
environment, with operators performing typical operator tasks 
simultaneously as discriminating between sounds.  
Because the majority of the participants received a high 
percentage of correct answers, it seems like the majority of 
people can learn many more sounds. The results are not 
surprising considering the large number of sounds recognizable 
in everyday life. The results suggest that if designers apply 
existing associations between sounds and events, auditory 
displays can be implemented that inform operators in a verity of 
critical events. These displays may significantly improve the 
work efficiency as well as the overall working environment. 
Although these results were obtained during a brief period 
of practice only a few participants received less than 90 % 
correct answers. These results support the simple learning of 
auditory icons. The low percentage of correct answers for some 
of the participants may be explained by the brief period of time 
allotted to learn the sounds. Providing additional practice 
occasions may improve the results. In a real-life context the 
operator may be given more time and opportunity to practice 
the sounds.  
Follow-up sessions could be conducted in future studies. 
The test in this study was performed immediately after the 
training session. A longer period of time between the training 
session and the actual test phase may influence the number of 
recalled sounds.   
A statistically significant difference between the operators 
and non-operators was observed. We examined any differences 
in age that may have caused different results. The group of 
control room operators exhibited a higher mean age (43) than 
the group of non-operators (28). Although no significant 
difference between the age groups was observed, a tendency 
toward a decline in the results with age was evident. However, 
no significant correlations between age and scores were found 
for either operators or non-operators, indicating that age 
probably had a minor effect. 
There are other possible factors that could have contributed 
to the observed difference. First, the control room participants 
performed the test in their workplace, at the paper mill; this 
noisy environment may explain the poorer results of the 
operators. The background noise in the control room was louder 
than the background noise in the office (refer to figure 
1).  Secondly, the operators participated in the study during 
their working hours, which might have been a bit stressful and 
non-motivating. The non-operators participated during their 
free time. Perhaps they felt less stressed and more motivated to 
learn the sounds and reply correctly.  
We also searched for any gender differences.  The majority 
of the participants in the group of control room operators 
consisted of men (11 men and 3 women). The majority of the 
participants in the group of non-operators consisted of women 
(11 women, and 4 men). However, no gender differences were 
observed that explained the differences between the two groups. 
Some of the sounds employed in the study were incorrectly 
paired several times. Specifically, sounds 4 and 8, and sounds 
15 and 22 were incorrectly paired four times and six times 
respectively (refer to table 1). Sounds 4 and 8 are both 
squeaking noises. Sounds 15 and 22 sound like a snap/slam. In 
both cases, the correct answer and the incorrect answer sounded 
quite similar. The incorrect answers may be explained by the 
similarity in the characteristics of these sounds, which may 
have confused some of the participants. It seems important to 
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keep this in mind when designing sounds. Similar sounds can 
be confusing. If all sounds can be easily distinguished, a greater 
number of sounds may be possible to be learned and recalled. 
Another way to increase the number of sounds that can be 
learned and recalled is to involve the users in the design 
process. This approach can ensure a strong association between 
the sound and the referent. The users are experts on their own 
working environment and should know the appropriate types of 
associations. A stronger association may contribute to an even 
higher recall rate.  
This study focused on alarm sounds in an industrial context. 
However, in addition to control room environments, auditory 
signals are used in other environments in which auditory icons 
can make considerable difference. For example, numerous 
different warning/alarm sounds are employed in hospital 
environments. 
The use of auditory icons instead of abstract sounds creates 
the opportunity to incorporate sound in interface design to a 
greater extent. Here, it was tested in the context of a control 
room environment. The results indicate the potential for the use 
of a large number of sounds, if it is desirable.  
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